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ABSTRACT
We study CP violation in the process e+e− → tt¯νν¯ at an e+e−-TeV collider. As
the source of CP violation we assume a two-Higgs doublet model with an explicitly
CP -noninvariant Higgs potential. Sizeable CP -odd observables originating from the sub-
process reaction, W+W− → tt¯, may arise as a result of finite width effects of the neutral
Higgs particles. CPT constraints due to final (initial) state interactions are also taken
into account. Numerical estimates of the CP asymmetry are given.
∗E-mail address: pilaftsis@vipmza.physik.uni-mainz.de
†Address after 31, Dec. 1992; Physical Research Laboratory, Navrangpura, Ahmedabad 380 009,
INDIA.
1
1. Introduction
CP violation in the neutral Higgs sector with two or more Higgs doublets has re-
cently received much attention due to some attractive features of these models [1-3]. For
instance, these models can give rise to a large electric dipole moment (EDM) for the
neutron [4] as well as for the top quark [5,6]. Non-negligible contributions to EDMs for
leptons [4,7] and gauge bosons W±, Z0 [8] have also been found. Last but not least,
the CP -violating Higgs sector has entered the domain of cosmology, namely as a natural
explanation of baryogenesis [9]. Note here that the strength of CP violation from the
Cabbibo-Kobayashi-Maskawa matrix is not sufficient to explain the baryon asymmetry in
the universe [10]. Therefore, models manifesting CP violation in the scalar sector offer
an interesting field of investigation for CP -odd effects outside the well known K0 − K¯0
system.
Beside the possibility of searching for sizeable signals of EDMs one can also probe
these models in top production and decay [7,11]. Here, however, we suggest a different
way of testing CP violation which can be mediated by neutral Higgs bosons. By con-
sidering the production of left- and right-handed tt¯ pairs in a high energy e+e−-collider
(i.e. e+e− → νeν¯etλt¯λ, λλ = LL, RR), one can show that the simultaneous presence of
CP -even (ψ¯ψ) and CP -odd (iψ¯γ5ψ) fermionic operators in the Yukawa sector induces a
CP asymmetry in the event-rate difference of N(tLt¯L) − N(tRt¯R) [5]. To obtain a non-
zero asymmetry, one should have two interfering amplitudes with different weak phases as
well. This requirement is effectively satisfied here by using complex Breit–Wigner (BW )
propagators for resonant particles [11], i.e. Higgs scalars [12]. Nevertheless, it is known
that the CP -even phases of final and (in our case) also initial state interactions cannot
contribute to a CP asymmetry [13,14]. This is sometimes called the CP − CPT con-
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nection [14]. We take such CPT constraints into account in order to establish a genuine
signal of CP violation.
Our paper is organized as follows. In Section 2 we outline the basic features of a CP -
violating two-Higgs doublet model. In Section 3 we calculate the subprocess W+W− → tt¯
with intermediate Higgs bosons in the s-channel. Section 4 deals with CPT constraints
and the gauge symmetry imposed on our process. Finally, in Section 5 we present numer-
ical estimates and discussion of our results.
2. The CP-violating two-Higgs doublet model
The simplest realization of CP violation in the neutral Higgs sector is a two-Higgs
doublet model where the usually imposed discrete symmetry D: Φ1 → −Φ1, Φ2 → Φ2 is
softly broken [15]. As usual the Higgs part of the Lagrangian reads
LH =
2∑
i=1
(DµΦi)
+(DµΦi) − VH(Φ1,Φ2), (2.1)
where Dµ is the covariant derivative. The potential VH can be split into two terms
according to the sum,
VH(Φ1,Φ2) = VD(Φ1,Φ2) + ∆V (Φ1,Φ2). (2.2)
VD respects the discrete symmetry D and can be conventionally written in the form [15]
VD(Φ1,Φ2) = µ
2
1(Φ
†
1Φ1) + µ
2
2(Φ
†
2Φ2) +
1
2
λ1(Φ
†
1Φ1)
2
+
1
2
λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2)
+ λ4(Φ
†
1Φ2)(Φ
†
2Φ1) +
1
2
λ5(Φ
†
1Φ2)
2
+
1
2
λ∗5(Φ
†
2Φ1)
2 , (2.3)
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whereas ∆V softly violates the D symmetry by introducing linear Φ†1Φ2 terms
∆V = λ6(Φ
†
1Φ2) + λ
∗
6(Φ
†
2Φ1). (2.4)
One can check explicitly by performing CP transformation on the Φi’s that VH is CP
invariant only if
Imλ5λ
∗2
6 = 0 (2.5)
holds. After spontaneous symmetry breaking with two complex vacuum expectation val-
ues (V EV s) v1 and v2 of the fields Φ1 and Φ2, respectively, eq. (2.5) becomes
Imλ5(v
∗
1v2)
2 = 0, (2.6)
which in turn is equivalent to
Imλ6(v
∗
1v2) = 0. (2.7)
Note that without loss of generality we can choose λ5 real and, say, v1 real. This follows
from the fact that we have the freedom of redefining the fields by an arbitrary phase
transformation
Φi −→ eiαi Φi. (2.8)
It is worth mentioning that due to this phase symmetry there is no CP violation in VH
if either λ5 and λ6 is identical to zero. This is also evident from (2.6) and (2.7). Writing
the fields Φ1 and Φ2 in the form
Φ1 =

 φ
+
1
1√
2
(v1 + φ
0
1 + iχ
0
1)

 , Φ2 =

 φ
+
2
1√
2
(|v2|eiξ + φ02 + iχ02)

 , (2.9)
and collecting quadratic terms in the components of Φi we get, after diagonalizing the
mass matrices, the following mass eigenstates

 H
+
G+

 = UH

 φ
+
1
φ+2

 ,


H01
H02
H03
G0


= DTOH


φ01
φ02
χ01
χ02


, (2.10)
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where H0i (i = 1, 2, 3) and H
± are the physical Higgs particles and, G± and G0 are charged
and neutral Goldstone bosons, respectively. Defining
tan β =
|v2|
v1
, (2.11)
the unitary transformation matrix UH in the charged Higgs sector reads
UH =

 −sβe
iξ cβe
iξ
cβ sβ

 , (2.12)
where sin x ≡ sx and cosx ≡ cx. In eq. (2.12) the phase ξ is trivial and can be removed
away by appropriately rephasing the charged mass eigenstates H+, G+. The orthogonal
transformation matrix in the neutral Higgs sector has been expressed for convenience as
a product of two orthogonal matrices D and OH . The latter has the form
OH =


1 0 0 0
0 cξ 0 sξ
0 −cβsξ −sβ cβcξ
0 −sβsξ cβ sβcξ


. (2.13)
The matrix D acts only on the physical Higgses H0i and can therefore be written as
DT =

 d 0
0 1

 , (2.14)
where d is a 3 × 3 orthogonal matrix. This matrix can be parametrized by three Euler
angles which are determined by the Higgs couplings λi. At this stage it is not necessary to
do the diagonalization in full detail and to spell out d in terms of λi. Instead, we mention
that if condition (2.6) or alternatively (2.7) holds, then we get the matrix form
d =

 d
′ 0
0 1

 , (2.15)
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where d′ is a 2× 2 dimensional matrix. In this case, H03 decouples from the other Higgses
and is of purely pseudoscalar nature in a CP -conserving two-Higgs doublet model. In
general, as a consequence of CP -violating terms in VH , the physical neutral Higgses are
mixtures of CP -even and CP -odd components. It is then obvious that we have
d13, d23, d31, d32 ∝ Imλ5(v∗1v2)2. (2.16)
Among the various vertices that are present in the full Lagrangian, we will only need the
gauge-boson interactions with Higgses, Goldstone bosons G± and ghosts c±, c¯±, as well
as the Yukawa interactions for the top quark. It is straightforward to obtain the vertices
from the Lagrangian (2.1) (considering also gauge-fixing terms)
V µνWWHi = igWMW g
µν(d1icβ + d2isβ), (2.17)
V µνZZHi = igW
M2Z
MW
gµν(d1icβ + d2isβ), (2.18)
V µZHiHj = gW
MZ
2MW
(kHj − kHi)µ d3i(−sβd1j + cβd2j), (2.19)
V µW±G∓Hi = ±i
1
2
gW (kG − kHi)µ (d1icβ + d2isβ), (2.20)
Vc+c¯−Hi = −i
1
2
ξWgWMW (d1icβ + d2isβ), (2.21)
with the convention that all momenta are incoming and the definition
v2 = |v1|2 + |v2|2. (2.22)
In eq. (2.21) ξW denotes the gauge parameter. In order to avoid flavor neutral currents
at tree level, one has to require the Yukawa Lagrangian LY to be invariant under the
discrete symmetry D. We choose the coupling scheme where u-type quarks couple to Φ02
field via
LY = − 1
v2
(U¯RMUUL)Φ
0
2 + h.c. + . . . , (2.23)
where MU is the diagonal mass matrix. Especially for the top quark we can rewrite (2.23)
as follows [5]:
LtY = −gW
mt
4MW
H0i t¯[Yi(1− γ5) + Y ∗i (1 + γ5)]t. (2.24)
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The Yukawa couplings Yi in (2.24) are given by
Yi =
d2i
sβ
+ id3i cot β. (2.25)
It is instructive to express (2.24) in an equivalent form [5]
LtY = −gW
mt
2MW
H0i [αi2t¯t − iαi3 cot βt¯γ5t], (2.26)
αi2 =
d2i
sβ
, αi3 = d3i. (2.27)
From (2.26) it is evident that LY leads to CP violation, since H
0
i couples simultaneously
to CP -even (t¯t) and CP -odd (it¯γ5t) currents.
3. CP violation in the process e+e− → tt¯νeν¯e
First we will discuss the manifestation of CP violation in the process W+W− → tt¯
which must be understood as a subprocess of the reaction e+e− → tt¯νeν¯e. Numerical
results for such processes has been obtained by using the Effective Vector Boson Approx-
imation (EV BA) [16] in ref. [17].
Regarding the signal of CP violation in this process we consider the production of
left- and right-handed tt¯ pairs. Under the assumption of CP conservation we have
< tL(~kt), t¯L(−~kt)| ρˆ |tL(~kt), t¯L(−~kt) > = < tR(~kt), t¯R(−~kt)| ρˆ |tR(~kt), t¯R(−~kt) > (3.1)
in the centre of mass of the tt¯ system, where ρˆ is the density-state operator defined as
ρˆ =
∑
λ+,λ−
T |W+λ+(~k+),W−λ−(−~k+) >< W+λ+(~k+),W−λ−(−~k+)|T †. (3.2)
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In eq. (3.2) λ± denote the polarizations of theW± bosons and T is the transition operator.
In order to be condition (3.1) valid it is sufficient to have T = T CP , then ρˆ = ρˆCP . As a
consequence, a non-zero value of the asymmetry
aˆCP =
σˆ(W+W− → tLt¯L) − σˆ(W+W− → tRt¯R)
σˆtot
(3.3)
would signal CP violation. We have in mind the production of left- and right-handed
fermions in a high-energy linear e+e− collider of 1–2 TeV centre of mass energy [18],
where the polarization of the top quarks produced lies mainly along or opposite to their
momenta. The above proposal of searching for CP signals has been extensively discussed
in [5,6]. In fact, it has been argued that the final state tLt¯L can be distinguished experi-
mentally from tRt¯R by looking at the energy distribution of the charged leptons (i.e. e, µ)
that result from the subsequent decays of the top quarks.
It is worth observing that only scalars and pseudoscalar currents lead to the pro-
duction of left- and right-handed tt¯ pairs. Indeed the currents Jλλ
′
Hi
(λλ′ = LL, RR) due
to (2.24) read
JLLHi = Y
∗
i u¯L(1 + γ5)vL, (3.4)
JRRHi = Yi u¯R(1− γ5)vR. (3.5)
The above two currents (i.e. eqs (3.3) and (3.4)) imply a difference in the amplitudes
A(W+W− → tλt¯λ′) for λλ′ = LL,RR. This is, however, not enough to survive this
difference in the squared matrix element. As is well known, an additional dynamical
phase (beside the complex couplings Yi) is required. Usually, such phases arise from
the calculation of absorptive parts of higher order diagrams [11]. Here, we do that in
an effective way by introducing complex BW propagators for the Higgs bosons similar
to [12]. We, of course, assume that at least one of the Higgs masses is bigger than 2mt. In
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general, it is known [13,14] that one must consider corrections due to final (initial) state
interactions when discussing genuine CP -odd effects. In other words, scatterings going to
intermediate states that are equal to final (initial) states will not contribute to the CP -
violating parameter aˆCP . These additional constraints, the so-called CPT constraints,
will be taken into account in the next section. Here we simply quote the result for the
squared matrix element using the effective approach of BW propagators. Defining
Y˜i = Yi gHiWW , αW =
g2W
4π
, (3.6)
we obtain, for example, for the dominant subprocess W+L W
−
L → tLt¯L, tRt¯R via Higgs
exchanges
|ALL,RR|2 = 3α2Wπ2
m2t
M2W
s2h(sh − 2m2t )
M2W
[
nH∑
i
|Y˜i|2
(sh −M2i )2 +M2i Γ2i
+ 2
nH∑
i<j
Re(Y˜ ∗i Y˜j)
(sh −M2i )(sh −M2j ) + MiMjΓiΓj
[(sh −M2i )2 +M2i Γ2i ] [(sh −M2j )2 +M2j Γ2j ]
∓ 2
nH∑
i<j
Im(Y˜ ∗i Y˜j)
(sh −M2i )MjΓj − (sh −M2j )MiΓi
[(sh −M2i )2 +M2i Γ2i ] [(sh −M2j )2 +M2j Γ2j ]
]
. (3.7)
In eq. (3.7) nH is the number of neutral Higgses (the result is then valid for multi-Higgs
models) and sh = k
2
h = (kt + kt¯)
2. We are now in the position to define the physical CP
asymmetry parameter ACP as follows:
ACP =
∆σCP ( e
+e− → νeν¯ett¯ )
σtot( e+e− → νeν¯ett¯ ) , (3.8)
∆σCP = σ(e
+e− → νeν¯etLt¯L) − σ(e+e− → νeν¯etRt¯R). (3.9)
The result (3.7) merely shows that CP violation originates from the subprocessW+W− →
H0∗i → tt¯. After considering the CPT constraints mentioned above, we can exactly
calculate ∆σCP with the help of the Feynman graphs shown in fig. 1. This can be done
quite easily if the full matrix element squared has the factorization property
| < tλt¯λνeν¯e|T |e+e− > |2 = F (sh,MHi) < νeν¯eH∗i |T |e+e− > |2, (3.10)
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where H∗i denotes the ith virtual Higgs field with mass
√
sh. Then, the phase-space
integral R4 for this particular 2→ 4 process can be expressed as follows [19]:
R4(stot) =
π2
16stot
stot∫
4m2t
dsh
∫
Γ3(sh)
ds2dt1dt2ds1
∆
1/2
4
λ1/2(sh, m
2
t , m
2
t )
2sh
, (3.11)
where si and ti are Mandelstam variables defined by
s1 = (kν + kh)
2,
s2 = (kν¯ + kh)
2,
t1 = (kν − ke−)2,
t2 = (kν¯ − ke+)2. (3.12)
The phase-space boundaries s±i and t
±
i are calculated to be
s±2 =
1
2
[(stot + sh) ± (stot − sh)],
t±1 = −
1
2
[stot − s2) ∓ (stot − s2)],
t±2 = −
1
2s2
[(s2 − t1)(s2 − sh) ∓ (s2 − t1)(s2 − sh)],
s±1 = stot −
1
(s2 − t1)2
(
D ∓ 2
√
F
)
(3.13)
with
D = (s2 − t1)[stot(s2 − sh) − t2(stot + s2)] + 2stots2t2 ,
F = stot s2
∏
i=1,2
(ti − t+i )(ti − t−i ) ,
∆4 =
1
16
(s2 − t1)2(s+1 − s1)(s1 − s−1 ) ,
λ(x, y, z) = (x− y − z)2 − 4yz. (3.14)
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4. CPT constraints
In the following we will assume for simplicity that there is only one intermediate
Higgs state which is heavy and we choose to be Hh ≡ H03 .
Consider the amplitude T of the diagrams depicted in fig. 1. Since we are interested
in CP -odd observables that are sensitive to the Higgs width Γh, we do not calculate the
dispersive parts of the one-loop corrections. Thus, we can list the different contributing
amplitudes to ∆σCP as follows:
TA = VW
gHiWW Y
∗
j
sh −M2i
VtL
(
δHiHj − iIm(ΠHiHj )
1
sh −M2j
)
, (4.1)
TB = VW gHhWW Y
∗
h
sh −M2h + iMhΓh
VtL
(
1 − iIm(ΠHhHh) − iMhΓh
sh −M2h + iMhΓh
)
, (4.2)
TC = VW gHhWW
sh −M2h + iMhΓh
iIm(ΠHhHi)
Y ∗i
sh −M2i
VtL , (4.3)
TD = VW gHiWW
sh −M2i
iIm(ΠHiHh)
Y ∗h
sh −M2h + iMhΓh
VtL , (4.4)
In addition, non-resonant contributions from Z0-, γ- and b-quark exchange graphs should
also be considered, as well as absorptive parts of vertex corrections and box graphs. In
eqs (4.1)-(4.4) we sum over those repeated indices i,j, which run over the non-resonant
Higgs states; i, j = 1, 2. VW is the amplitude of e
+e− → νeν¯eH0∗ and VtL the vertex
function for H0∗ → tLt¯L. Then, in the Born approximation we easily find that
∑
V
(0)
W V
(0)†
W = 16π
3α3WM
2
W
stot(stot − s1 − s2 + sh)
(t1 −M2W )2(t2 −M2W )2
, (4.5)
∑
V
(0)
tL V
(0)†
tL =
∑
V
(0)
tR V
(0)†
tR = 3παW (sh − 2m2t )
m2t
M2W
. (4.6)
The reason why the ImΠhh(q
2) − MhΓh appears in the numerator of the second term
of eq. (4.2) is that we expand the full propagator in the gauge-invariant complex pole
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M2h − iMhΓh as follows [20]
1
q2 −M2h + iImΠhh(q2)
=
1
q2 −M2h + iMhΓh
(
1 +
iImΠhh(q
2)− iMhΓh
q2 −M2h + iMhΓh
)−1
=
1
q2 −M2h + iMhΓh
(
1 − iImΠhh(q
2)− iMhΓh
q2 −M2h + iMhΓh
)
+ O(g4W ) . (4.7)
This also reflects the on-shell renormalization condition
iImΠRhh(q
2)|q2=M2
h
= iImΠhh(q
2) − iMhΓh|q2=M2
h
= 0, (4.8)
at one-loop level. We have checked that the matrix element given by eqs (4.1)–(4.4)
respects the CPT symmetry in the resonant as well as off-resonant region. Note that the
way in which iImΠRhh(q
2) enters eq. (4.7) is crucial to show CPT invariance in the off-
resonant region. However, it has been argued by Sirlin and Stuart in [20] that the naive
ansatz of BW propagators can induce gauge depedence in the matrix element T . They
further claim that the residue of the transition element T with respect to the complex-pole
position M2h − iMhΓh and the background terms are separately gauge invariant. In this
respect, keeping terms up to O(g2W ) at the resonant point, we can rewrite eqs (4.1)-(4.4)
in a more convenient form, i.e.
TA = V (0)W
gHiWW Y
∗
i
M2h −M2i
V
(0)
t , (4.9)
TB = gHhWW Y
∗
h
sh −M2h + iMhΓh
[ V
(0)
W V
(0)
t + iIm(V
(1)
W (M
2
h))V
(0)
t + iV
(0)
W Im(V
(1)
t (M
2
h))
−iV (0)W Im(Π′hh(M2h))V (0)t ], (4.10)
TC = V (0)W
gHhWW
sh −M2h + iMhΓh
iIm(ΠHhHi)
Y ∗i
M2h −M2i
V
(0)
t , (4.11)
TD = V (0)W
gHiWW
M2h −M2i
iIm(ΠHiHh)
Y ∗h
sh −M2h + iMhΓh
V
(0)
t , (4.12)
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and the remaining Z-, γ- and b-quark mediated tree graphs can formally be written as
Ttree = V
Z(0)
W V
Z(0)
t
M2h −M2Z
+
V
γ(0)
W V
γ(0)
t
M2h
+ Tb(M2h), (4.13)
where Tb indicates the b-quark exchange graph at tree level. Box graphs and other non-
resonant vertex corrections do not contribute at O(g2W ) accuracy. Thus, the sum of the
amplitudes given by eqs (4.9)-(4.13)
T = TA + TB + TC + TD + Ttree, (4.14)
represents a gauge-invariant expression. However, some terms in T will not contribute
to ∆σCP . Since the initial states W
+W− of the subprocess are unpolarized, it suffices to
consider the tree-level value for the vertex H −W −W , i.e. V (0)W . We also omit terms
proportional to O((sh −M2h)/sh) in |TCP |2, i.e. TD and ImΠ′hh(M2h) drop out. A further
simplification occurs by assuming that Mi = O(M) for i = 1, 2, i.e. we neglect the mass
difference MH1 −MH2 as compared to the centre of mass energy
√
stot. Finally, the non-
resonant amplitude Ttree has been left out for simplicity. In general, the Z0(γ) particle
will effectively operate only as an extra off-shell particle with mass MZ ≃M (or zero) in
the context of a multi-Higgs doublet model.
We now proceed with the computation of the relevant absorptive parts of self-
energies ΠHiHj(M
2
h) and the vertex function V
(1)
t (M
2
h) by adopting the Feynman–’t Hooft
gauge. The advantage of this gauge is that one can have a safe estimate of the vertex
V
(1)
t for quite heavy Higgs masses by taking only into account the unphysical Goldstone
bosons (see also fig. 2). We find that such corrections are either supressed by a factor
m2t/M
2
h (e.g. fig. 2.a) or show a soft logarithmic dependence, ln(M
2
h/M
2), when increasing
the heavy Higgs mass Mh (e.g. graphs shown in figs 2.b–2.g). In a recent work [21], sim-
ilar CP -odd observables have been calculated in the decay process Hh → tt¯. There, the
CP parameter ACP shows a quadratic behavior, i.e. M
2
h/M
2, different from that which
13
we obtain by computing the Feynman graphs in fig. 2. The reason lies in the fact that
crucial H∗i -mediated self-energy graphs like Hh → (W+W−, Z0Z0)→ H∗i → tt¯ have been
omitted in [21], with (W+W−, Z0Z0) denoting on-shell intermediate states. These graphs,
however, will guarantee gauge invariance for the above process. Since we want to study
the role of enhanced Higgs interactions in ACP , i.e. keeping terms of O(g2WM2h/M2W ), such
self-energies have been consistently included in our theoretical considerations by going to
the Feynman-’t Hooft gauge. We think that the resonant part of the Higgs-mediated
amplitude will give the dominant contribution to the CP asymmetry ACP in our fixed
gauge (i.e. ξW,Z = 1), in spite of the omission of the vertex corrections. In fact, ACP will
behave asymptotically according to the form
|ACP | ∼ Γ¯h
Mh
, Γ¯h = Γh − Γ(Hh →WW ) − Γ(Hh → ZZ), (4.15)
which increases quadratically with the heavy Higgs mass (i.e. M2h/M
2
W ). Therefore, it
is also important to notice that in a multi-Higgs scenario the total decay width of the
heavy Higgs Γh can generally approximate the reduced width Γ¯h entering eq. (4.15). This
observation supports the above approach of considering an amplitude in the Feynman-’t
Hooft gauge, which is dominated by Higgs interactions. We finally remark that such a spe-
cific choice of gauge corresponds to the equivalence principle between longitudinal vector
bosons and Goldstone fields by taking the limit gW → 0 with v fixed, i.e. gW/MW = 2/v.
We can now make use of the optical theorem and write down the absorptive parts
of the self-energies in the following way:
ImΠi1i2(i1 → ab→ i2)|q2=sh =
gi1ab
gHhab
gi2ab
gHhab
MhΓh→ab(sh), (4.16)
where g’s are Higgs coupling constants. Then, ∆σCP can be cast into the form:
∆σCP ≃ FCP (M2h)
∫
dPS
(
∑
VWV
†
W ) (
∑
VtV
†
t )
(sh −M2h)2 + M2hΓ2h
4MhΓh
M2h −M2
(4.17)
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with
FCP (M
2
h) =
∑
i 6=h
Im(YiY
∗
h )
∑
ab
gHhWW
gHhab
Br(Hh → ab) det

 gHiWW gHiab
gHhWW gHhab

 . (4.18)
The above expression of FCP is convenient to check CPT invariance. Although the
quantity Im(YiY
∗
h ) is not alone a genuine CP indicator (CP violation also manifests
itself in the constants gHiab) one can, however, check that FCP vanishes in the limit of
CP invariance, i.e. Imλ5(v
∗
1v2)
2 → 0. Using eq. (3.11) and inserting (4.5) and (4.6) into
(4.17) we arrive at the final expression for ∆σCP , i.e.
∆σCP ≃ FCP 3α
4
W
256π2
m2tMhΓh
stot
stot∫
4m2t
dsh
λ1/2(sh, m
2
t , m
2
t )
sh
∫
Γ3(sh)
ds2dt1dt2ds1
∆
1/2
4
· M
2
h − 2m2t
[(sh −M2h)2 +M2hΓ2h](M2h −M2)
stot − s1 − s2 +M2h
(t1 −M2W )2(t2 −M2W )2
. (4.19)
Some comments concerning the function FCP are now in order. In general one has
FCP =
∑
i
F iCP , with i ∈ {tt¯, WW, ZZ, HiZ, HiHj, . . .}, (4.20)
where i stands for all intermediate states (including also Goldstone bosons and ghost
fields) that can come on shell. From eq. (4.9) one easily derives that
FWWCP = F
ZZ
CP = 0, (4.21)
which is a consequence of CPT invariance. In eq. (4.18) it is also important to notice
that intermediate states with weak couplings proportional to the initial couplings will
not give any contribution to FCP , i.e. F
G+G−
CP = 0, F
ZZ
CP = 0 etc. As far as the final
state interactions is concerned, we observe that in the self-energy function ImΠi1i2(i1 →
tt¯ → i2) there is no interference between scalar (tt¯)S and pseudoscalar (tt¯)P parts of the
Yukawa Lagrangian (2.26). Recall that exactly this interference led to CP violation in
our process. Therefore we can write
F tt¯CP = F
(tt¯)S
CP + F
(tt¯)P
CP (4.22)
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with
F
(tt¯)S
CP = −
3αW
8Γh
m2t
M2W
Mh
(
1 − 4m
2
t
M2W
)3/2
cot2 β
sin2 β
·d23d13d33(cos β d13 + sin β d23), (4.23)
F
(tt¯)P
CP =
3αW
8Γh
m2t
M2W
Mh
(
1 − 4m
2
t
M2W
)1/2
d33 cot
3 β
·(cos β d13 + sin β d23) (1 − d213 + cot β d13d23). (4.24)
For completeness we also give the FCP term for the decay channel Hh → HiZ0 (including
G0)
F
HjZ
0
CP =
αW
16Γh
M2h
M2W
Mh λ
1/2
(
1,
M2Z
M2h
,
M2
M2h
) [(
1 − M
2
M2h
)2
+
M2Z
M2h
(
M2Z
M2h
− 2 M
2
M2h
− 2
) ]
d33 cot β (−sβ d1j + cβ d2j)2 (cβ d13 + sβ d23)
·(1 − d213 + cot β d13d23). (4.25)
Note that other decay channels, like Hh → HiHj, Hh → H+H−, are, in principle, also
possible. To avoid excessive complication, decay modes involving trilinear Higgs couplings
have been not considered in our analysis. These decay modes, which depend strongly on
the Higgs potential of the model under discussion, are also gauge invariant by themselves.
In any case, due to the large number of free parameters existing in such multi-Higgs sce-
narios it is unlikely to expect that accidental cancellations or some kind of fine-tuning
effect will occur between these additional decay channels and those which we have already
computed in FCP such that ACP vanishes.
We close this section by making some important remarks. As we have seen, initial
state interactions play a crucial role here. In general, it is important to know the produc-
tion mechanism of the unstable particles when studying CP violation in their decays. In
our case we have to calculate the whole scattering process mediated by the Hh particle
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and the other light Higgses, and not only the decay of the Hh particle, since WW and ZZ
intermediate states will not contribute to ACP when Higgses are produced by WW or ZZ
fusion in e+e− collisions. Finally, the CP -violating scattering processes discussed above
are not s-channel suppressed at very high energies and are therefore worth investigation.
5. Numerical estimates and discussion
It is not easy to give an accurate numerical value for the CP asymmetry defining
in eqs (3.8) and (3.9), since too many parameters entering FCP in (4.18) are unknown.
However, in table 1 we have presented some typical numerical results. For definiteness,
we have varied Mh between 400− 1000 GeV for different top masses, i.e. mt = 100, 120,
140 GeV. In addition, we fix the light Higgs masses to be M = 100 GeV. Thus, for
example, for
√
stot = 2 TeV we find numerically that
∆σCP
FCP
∼ (0.1 − 0.8) 10−2 pb (5.1)
whithin the range of parameters given above. To estimate ACP it seems reasonable to
compute σtot, using Standard-Model values for the Higgs couplings. Doing so, we can
have a first estimate for σtot [19] and the magnitude of ACP
σtot ∼ O(10−3 − 10−2) pb, ACP ∼ O(0.1− 0.8) FCP . (5.2)
From eq. (5.2) we also see that the value of ACP depends crucially on FCP . Nevertheless,
from eq. (4.20), the natural range of values for FCP can be constrained by the inequality
FCP ≤ Γ¯h
Γh
(5.3)
In our CP -violating two-Higgs doublet scenario, this would correspond to FCP ≤ 1/2.
We must also note that the CP -odd observable constructed in eqs (3.8) and (3.9) is only
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sensitive to absorptive parts at the one-loop level of the reaction. In other words, typ-
ical CP - and CPT -odd observables like < ~st~kt >, < ~st¯~kt¯ > have to combine with the
CPT -odd absorptive graphs in order to give a CPT -invariant contribution to the squared
matrix element. CP -odd observables that appear at tree level (e.g. triple products of the
form < ~ke− · ~kt × ~kt¯ >) and are even under CPT , can be discussed in a similar way as
given in [22].
Of course, analogous calculations can be performed for the process e+e− → Z∗Z∗ →
e+e−tt¯ (see also table 2). This together with the process discussed in this paper could in-
crease the statistics by considering the inclusive reaction e+e− → tt¯X , with X = νν¯, e+e−.
We note that at the high energy e+e− linear collider one has to worry about tt¯ production
through beamstrahlung photons [17]. This would increase the CP -even background and
therefore a machine design with low beamstrahlung luminosity will be preferable [17].
Furthermore, the most optimistic value for ACP , estimated by the s-channel suppressed
process e+e− → Z∗ → tt¯, turns out to be quite small, i.e. ACP ≃ 10−3 [23], as compared to
ACP ≃ 40% in our case. On the other hand, the top-pair production cross section through
e+e− annihilation is of the order of 40 fb at
√
stot = 2 TeV and is hence competitive with
numerical estimates of cross sections for the vector-boson fusion processes as presented in
table 1 and 2.
In principle, Higgs-mediated CP -odd processes could also play a crucial role in pp
colliders. However, the overhelming top-production rate via gluon fusion will probably
make such CP -odd tests more difficult.
In conclusion we have discussed in detail how the CP violation of the Higgs poten-
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tial with two Higgs doublets manifests itself in the scattering process e+e− → νeν¯ett¯. Our
analysis will be also valid for multi-Higgs doublet models. We have calculated the CP -
odd resonant amplitudes of this reaction, paying special attention to constraints resulting
from CPT invariance. Using an approach which is CPT and gauge invariant, we have
demonstrated that CP asymmetries induced by Higgs-width effects in tt¯ production can
be quite sizeable, 10%− 40%, and could be probed at a high energy e+e− collider.
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Figure and Table Captions
Fig. 1: Feynman graphs of the resonant amplitudes contributing to ∆σCP ( e
+e− →
νeν¯ett¯ ).
Fig. 2: Typical diagrams, which give the leading contribution in the Feynman–’t
Hooft gauge to the one-loop coupling Hh− t− t¯ in the limit of M2h ≫ 4m2t ,
according to the equivalence principle (see also text).
Tab. 1: Numerical results of the cross section σHtot and the CP -asymmetry param-
eter ACP for the process e
+e− → H∗i → νeν¯ett¯ at
√
stot = 2 TeV. We fix
M = 100 GeV. For σHtot, we have assumed the Standard-Model values of
the couplings, i.e. gHWW = gHtt¯ = 1 in our notation. The three columns
indicated by I, II, III stand for values of mt = 100, 120, 140 GeV, respec-
tively.
Tab. 2: Numerical results of the cross section σHtot and the CP -asymmetry parameter
ACP for the process e
+e− → H∗i → e+e−tt¯ at
√
stot = 2 TeV, using the
same values for the set of parameters given in table 1.
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Table 1
Mh σ
H
tot [pb] ACP/FCP
[GeV] I II III I II III
400 7.2 10−2 8.9 10−2 1.0 10−2 0.09 0.09 0.08
500 3.7 10−2 4.9 10−2 6.1 10−2 0.15 0.14 0.13
600 1.9 10−2 2.7 10−2 3.4 10−2 0.22 0.21 0.20
700 1.1 10−2 1.5 10−2 1.9 10−2 0.29 0.28 0.26
800 5.6 10−3 7.8 10−3 1.0 10−2 0.43 0.41 0.39
900 3.0 10−3 4.2 10−3 5.5 10−3 0.59 0.57 0.55
1000 1.6 10−3 2.2 10−3 2.9 10−3 0.82 0.80 0.78
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Table 2
Mh σ
H
tot [pb] ACP/FCP
[GeV] I II III I II III
400 4.5 10−3 5.6 10−3 6.3 10−3 0.09 0.09 0.08
500 2.4 10−3 3.1 10−3 3.8 10−3 0.14 0.13 0.12
600 1.2 10−3 1.7 10−3 2.1 10−3 0.21 0.20 0.19
700 6.6 10−4 9.2 10−4 1.2 10−3 0.30 0.29 0.27
800 3.6 10−4 4.9 10−4 6.4 10−4 0.41 0.39 0.37
900 1.9 10−4 2.7 10−4 3.5 10−4 0.59 0.57 0.55
1000 1.0 10−4 1.4 10−4 1.9 10−4 0.80 0.78 0.75
27
